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A quasiclassical theory for dc magnetotransport in a modulated quantum Hall system near fill- 
ing factor v = | is presented. A weak one-dimensional electrostatic potential acts on the two- 
dimensional electron gas. Closed form analytic expressions are obtained for the resistivity p± cor- 
responding to a current at right angles to the direction of the modulation lines as well as a smaller 
component p\ | for a current along the direction of the modulation lines. It is shown that both resis- 
tivity components are affected by the presence of the modulation. Numerical results are presented 
for p± and pu and show reasonable agreement with the results of recent experiments. 



PACS numbers: 73.43.Cd, 73.63.-b,05.60.-k 
1. INTRODUCTION AND BACKGROUND 

It is well known that the transport properties of a 
two-dimensional electron gas (2DEG) in high magnetic 
fields providing a half filling of the lowest Landau level 
{y = 1/2) are well described by the theory of Halperin, 
Lee and Read (HLR) 0,0 

which corresponds to a phys- 
ical picture in which electrons are decorated by attached 
quantum flux tubes. These are the relevant quasiparti- 
cles of the system - so-called composite fermions (CFs). 
The CFs are spinless fermionic quasiparticles with charge 
— e which move in a reduced effective magnetic field 
B e ff = B — Anfmc/e, where n is the electron sheet den- 
sity. At v = 1/2, the CFs form a Fermi sea and exhibit a 
Fermi surface (FS). For the homogeneous 2DEG, the FS 
of the CFs is a circle of radius pf = V Airnh 2 in quasi- 
momcntum space. 

According to the theory of HLR, the resistivity tensor 
of the 2DEG is given by *p = *p c f + *p C s, where *p c f is 
the contribution from CFs whereas /?cs arises from the 
fictitious effective magnetic field in the Chern-Simons for- 
mulation of the theory. Here, *p cs has only off-diagonal 
elements. Therefore, the diagonal elements of the resis- 
tivity tensor of the 2DEG are the same as those for the 
CF resistivity tensor *p c f = < cr~}, where <r c / is the CF 
conductivity tensor. 

Some interesting features of the magnetoresistivity 
near v = 1/2 have been reported in the transport exper- 
iments of a 2DEG whose density is modulated by a weak 
one-dimensional electrostatic potential. This includes a 
well-defined minimum at v = 1/2 in the resistivity p± 
corresponding to a current at right angles to the direction 
of the modulation lines 0, as well as a smaller compo- 
nent p|| with a maximum at v = 1/2 for a current along 



the lines of the modulation [4|]. In addition, oscillations 
in these two components of the resistivity were observed 
close to filling factor v = 1/2. Previous theories for dc 
magnetotransport in modulated quantum Hall systems 
near one half filling based on the Boltzmann transport 
equation for the CF distribution function 0, 0, 0] are 
succesfull in accounting for the minimum in the mag- 
netoresistivity p±. However, these theories, as well as 
semiclassical studies of dc magnetotransport properties 
of modulated 2DEG at low magnetic field pi la fiol [T\\ . 
fail to explain the magnetic field dependence of pii. Up 
to present the effect of modulations on p\ | was treated as 
a pure quantum effect which cannot be described within 
semiclassical calculations, although it remains exhibited 
within that range of magnetic fields where the semiclas- 
sical approach could be applied 0, 0, Q, 0] . 

We think that the existing theory is mistaken at this 
point, and the magnetic field dependence of both resistiv- 
ity components near v — 1/2 is dominated with similar 
mechanism and could be analyzed within a semiclassical 
approximation. This can be shown if we adopt a correct 
procedure of averaging of CF response functions over the 
period of modulations 0, ^} which gives semiclassical 
analogs for the response functions obtained as a result of 
quantum mechanical calculations. The proposed proce- 
dure differs from that used in the existing semiclassical 
theories 0, 0, Hoi Hl| and provides different results for 
transport coefficients of a modulated 2DEG. In contrast 
with the corresponding conclusions of the earlier works, 
our results for the both components of magnetoresistivity 
tensor are consistent with those obtained as a semiclas- 
sical limit of quantum mechanical calculations (see e.g. 
[l^|). They also demonstrate a better agreement with 
experiments on a dc magnetotransport in a modulated 
2DEG in low magnetic fields. 
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In the main body of the paper we use a simplified semi- 
quantitative approach, resembling that used in earlier 
works of Beenakker y| and Gerhardts In the ex- 
periments of Ref.4 the mean free path / of the CFs is 
larger than their cyclotron radius R but smaller or of the 
same order as the period of modulations A. In this "local" 
regime R,l < A this method of calculations gives reason- 
ably good approximation for the transport coefficients we 
seek. 

In the Appendix, we present calculations of the mag- 
netoresistivity components based on the transport Boltz- 
mann equation within a relaxation time approximation. 
The results of this analysis corroborate reasonably with 
the semiquantitative approach developed in the main 
body of the paper. 



2. GENERAL FORMULATION OF THE 
PROBLEM 

We now consider a sinusoidal density modulation with 
a single harmonic of period A = 27r/<? along the y di- 
rection and given by An(r) = Ansin(gy). This density 
modulation influences the CF system through the ap- 
pearance of an additional inhomogeneous magnetic field 
AB(r) = ~AnhcAn(y)/e, which is proportional to the 
density modulation An(y) as well as through the exter- 
nal modulating electric field. Following Ref. Q, we pa- 
rameterize the electric potential screened by the 2DEG 
as 

JTl s. An smjgy) 

u{y) = — e f , 

n e 

where Ep is the Fermi energy of the unmodulated CF 
system. 

Our starting point is the Lorentz force equations de- 
scribing the CF motion along the cyclotron orbits 

dp x e 

~dt = - C B ^ 



at c ay 



(1) 



where p x , p y and v x , v y are the components of the quasi- 
momentum and velocity of the CF and B{y) — B e ff — 
4:TrhAn(y)c/e. 

For weak modulations, An/n C 1, we may assume 
that inhomogeneous terms in Eq. are small for all 
values of B e ff except when the filling factor is close 
to v = 1/2, where B e ff — > 0. In this limit, we can 
write the CF velocity as v = vo + Sv, where vo is the 
uniform field velocity and the correction 5~v is due to 
the density modulation. For a circular CF-FS, we have 
v x o — vf cos fit, v y o — vf sin fit, An(y) w Ansin(<?Y" 
— gR cos fit), where fl is the cyclotron frequency, vf is 
the Fermi velocity for CFs, R — vf/^I is the cyclotron 



radius, and Y is the y coordinate of the guiding center. 
Substituting these results for v and An(y) into Eq. 
and keeping only the terms to first order in the pertur- 
bation, we obtain 



d(Sv x 
dt 



-fl5v„ 



AB 



B. 



eff 



flvF sm(flt) sin(gY"— gRcos(flt)) . 

(2) 



AB 



dt 



B, 



eff 



flvF cos(ilt) sin(gY" — gRcos(£lt)) 



1 An 
2~n 



■v F gcos(gY — gRcos(Qt)) 



(3) 



Apart from its effect for a modulation potential in a low 
magnetic field, it has been shown to order An/n that the 
modulating potential U(y) gives rise to spatially inhomo- 
geneous corrections to the chemical potential and Fermi 
velocity of the quasiparticles as well as their scattering 
rates |U|. For the CF system, An/n may be treated as a 
much smaller parameter than AB / B e f f . Therefore, we 
neglect the corrections to the CF Fermi velocity in Eqs. 
(12) and (13) as well as the corrections to the relaxation 
time. 

We would like to point out that when some effects of 
electric modulation are neglected, one misses the possi- 
bility of describing an asymmetry in the shape near the 
minimum of p± near B e ff = which was observed in 
the experiments 0, Q] ■ It was shown by Zwerschke and 
Gerhardts that the small asymmetry of p± as a func- 
tion of B e ff near B e ff — originates from the effect 
of interference of the applied electric modulations and 
induced magnetic modulations. We believe that the ob- 
served asymmetry in the shape near the maximum 
in yc* 1 1 is also due to the same reason. However, we do 
not analyze this effect here to avoid extra complications 
arising from additional calculations. 

To lowest order in the modulating field, the corrections 
5v x and Sv y are periodic over the unperturbed cyclotron 
orbit, as was used in Ref. With this assumption, 
we calculate the averages of Eqs. (2) and (3) over the 
cyclotron orbit. After a straightforward calculation, we 
obtain the following results for the components V x and 
V y of the velocity of the guiding center 



/■2tt 



dtp Sv x (Y, ip) = v F cos(gY) 



AB 1 An , / 

— — Ji(gR) - -gR — Jo{gR) 
B eff 2 n 



Vy(Y) 



1 

27 



dip 5v y {Y,iP) = , 



(4) 



(5) 



where %j) = fit, and Jo(gR), Ji(gR) are Bessel functions 
of the first kind. We now calculate the CF conductivity 
by assuming, as before 0, that v x (Y) = v x q + V X (Y) 
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and that the cyclotron frequency O can be replaced by 
fi(Y") = n+Afl(Y), where Afi(F) is the correction to the 
cyclotron frequency due to the inhomogeneous effective 
magnetic field, averaged over the cyclotron orbit, 



fi(Y) = nu 



= nil 



AB 1 



B eff 2ir 



AB 
B~ 



dip s'm(gY — gR cosi/0 



eff 



sm{gY)J (gR) 



(6) 



Within the local limit R << A the guiding center ve- 
locity (3) becomes neiligible, and the conductivity tensor 
a c f{Y) has the Drude form with the cyclotron frequency 
f2 replaced by Sl(Y). 

We now introduce the current density of CFs, averaged 
over the period of the modulation, 



j=<j(Y) >=f 



t/9 



dYj(Y) . 



(7) 



Within the local limit j(Y) related to a driving electric 
field by the usual linear relation: 



j(Y)=? c/ (Y).(E + AE(Y)) 



(8) 



with E denoting the external electric field and AE(Y) the 
inhomogeneous contribution to the total electric field due 
to the density modulation, averaged over the cyclotron 
orbit. To proceed we define the effective CF conductivity 
by the relation 



j = a cf - < E + AE(Y) > 



(9) 



When an electrostatic modulation is applied along the 
y direction, it affects only the current along the direc- 
tion of the modulation lines 01 > so within the geometry 
chosen here, j y does not depend on the y coordinate. 
This result follows from the continuity equation. Conse- 
quently, we assume that j y is independent of Y. Also, 
since E x does not depend on Y, we can obtain closed 
form analytic expressions for the effective CF conductiv- 
ity tensor from Eq. ©. To get these expressions we first 
assume that E x = and solve for the conductivity to 
obtain 

/ 1 \ 



J cf 



(10) 



Solving again for E y and assuming that < E y {Y) > = 0, 
we obtain 



i/.r 



xy 
T of = 



<%oo \ / i 



(ii) 



Finally, substituting the result for E y (Y) into the ex- 
pression for the x component of Eq. JHJ), and making use 
of 



< J AY) >-- 



' fgg) \ . 



we obtain 



'of 



'cf 



Now we define the effective CF magnetoresistivity *p c f 
as cr^ • The above results for the effective conductivity 
components are valid in the local regime, regardless of 
the dc magnetotransport experiments. We use this to 
analyze the experimental data. Assuming that the cur- 
rent flows along the modulation lines (j y — 0) , we obtain 
the following result for the magnetoresistivity 



P\\ = Pxx = { < > + 



(Y) 



'in 

7 cf 



(13) 



Similarly, when current is driven across the modulation 
lines, and < j x >— we get the expression for p± in the 
form: 



Pyy 



< a x c f(Y) > + / 



(14) 

It follows from these results that in the local regime the 
transverse resistivity p± shows a positive magnetoresis- 
tance proportional to (JItAB / B e f A , whereas the lon- 
gitudinal resistivity remains unchanged at the presence 
of modulations and takes on its Drude value which agrees 
with the current theory [lfl |. 

To analyze the influence of modulations on the mag- 
netotransport characteristics within a broader range of 
magnetic fields i?~Awe take into account corrections to 
the usual Drude conductivity originating from the guid- 
ing center drift. For this purpose we now introduce the 
conductivity tensor a c f(Y) in the form: 



a/3 



(Y) 



2-kTi 



k= — oo 



Vka{Y)V-kl3{Y) 

l + ikVL{Y)T 



(15) 



where m c is the cyclotron mass of the CF, r is the 
relaxation time, Vk/3(Y) denotes the Fourier series 
coefficients of the velocity components given by 



Vjr 

Vkx = — (5k,i + 5k,-i) + V x (Y)6k,Q 

il>F ix x \ 
v ky = -?r(,0fe,i - 0k,-x). 



and 



Similar expression for the "nonlocal" conductivity 
was used by Gerhardts (see Eqs. (2.10), (2.11) of the 
above paper), and earlier by Beenakker y|. 

Starting from the definition (|15(l . keeping only those 
terms up to order (AB / B e f f) 2 and using 

B e ff n n n 
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we obtain the following results for the effective CF con- 
ductivity components (8)-(f0): 



CO 



1 + (r>r) 2 



An 



k F l 



(fir) 



1 + (nr)' 



-Jo(gR) 



f>\\ 




An kp 
n g 



{gRf 



Jx{gR) -\-^J {gR) 



(21) 



Co 



557) (*<•«) -sfcw 



icy 

d»T f , 1 /An, A" Jg(gfl) 

1 + (fir) 2 \ 2\/ f j II (fir) 2 

co J\ 1 /An,. „\ 2 J 2 ( 5 i?) 1 



(16) 



,(17) 



'of 



1 



1 + {VLt) 2 2 V n 



-k v l 



1 + (fir) 2 



where, in this notation, ctq = ne 2 £/pp is the Drude con- 
ductivity for CFs. The last term in Eq.(16) for cr^ shows 
the drift of the guiding center and represents the diffusion 
of CFs in the x direction. This can be verified by cal- 
culating the corresponding x component of the diffusion 
coefficient ST>. Following Ref. ||, we have 



SV 



r < V?(Y) > 



2 



AB 



B. 



eff 



Ji(gR) - ^Jo(gR) 



(19) 



Substituting Eq. (|18|l into the Einstein relation er"^ = 
Ne 2 T> al 3, where N is the density of states for CFs, we 
obtain the last term in Eq. (19). 

Using our expressions (16)-(18) we may calculate the 
diagonal components of the electronic resistivity tensor 
from the CF conductivity tensor a c f given by Eqs. (11) 
and (12). When the density modulation is very weak, i.e., 
An 

kpl <C 1, the corrections to the magnetoresistivity 

n 

due to the density modulation are small and may be ne- 
glected. In this case, the nonuniform part of the effective 
magnetic field does not significantly alter the dc trans- 

An 

port. For stronger modulation, i.e., kp£ ~ 1, the re- 

n 

sistivity components are changed considerably. Keeping 
only the largest contributions when AB/B e ff is treated 
as a small parameter, we obtain the following approx- 
imate results for the components of the electron resis- 
tivity p± — p vy and p|| = p xx corresponding to current 
flowing perpendicular and parallel, respectively, to the 
modulation lines. 




Ji(gR) + \jo(gR) 



We arrived at the expressions (20), (21) for magnetore- 
sistivities as a result of a semiquantitative analysis de- 
scribed above. Our analysis is a merely semiquantitative 
one for it employs the relation (7) in "nonlocal" (R ~ A) 
calculations whereas this relation is completely adequate 
only within the extremely local regime (R << A). How- 
J ever, similar considerations were carried out before H,0, 

and it was shown 0, 0, that they yield results which 
(18) basically agree with those obtained with proper calcula- 
tions based on the Boltzmann transport equation. Here, 
we also use the latter to justify our results for resistivity 
components (see Appendix). 

It follows from Eqs. (20) and (21) that both resistiv- 
ities are influenced by the one-dimensional modulation, 
ruling out the local limit R << A. This dis agre es with 
the results obtained in Refs. |E IS S 0, E3, [Hi , where 
it was stated that only one component of the resistivity, 
i.e., changes as a result of the modulation. Compari- 
son of our theory with the existing semiclassical theories 
shows that the difference in the results arises from the dif- 
ference in definitions of the effective magnetoresistivity. 
Here, we define *p c / as crjy 1 where ct c / is introduced by 
Eq. © , whereas Menne and Gerhardts 0] use a different 
definition for the effective magnetoresistivity, namely: 



(20) 



p < j >= E. 

In other words, we first introduce the averaged effective 
conductivity and then we calculate the magnetoresistiv- 
ity tensor, as an inverse of the effective conductivity. This 
is in contrast with Refs. [1 S H E3, El where the 
average was carried out last |l£| ■ 

Our point to justify the averaging procedure based 
on the definition (7) is that the expressions for trans- 
port coefficients obtained either with quantum mechan- 
ical or with classical calculations have to be consistent 
at low magnetic fields where the cyclotron quantum hfl 
is minute compared to the Fermi energy of the system. 
Quantum mechanical calculations of the magnetoconduc- 
tivity 0, 0, 0, 0] insert summation over quantum 
numbers labeling eigenstates of the unperturbed (homo- 
geneous) 2DEG in an external magnetic field, including 
the guiding center coordinate Y. In the semiclassical limit 
the resultant conductivity passes into a classical conduc- 
tivity tensor averaged over the period of modulations, 
therefore the latter is an accurate semiclassical analog 
of the conductivity calculated within the proper quan- 
tum mechanical approach. Our definition of the effective 
conductivity (9) agrees with that, so it is correct. A sim- 
ilar definition was already used to analyze the response 
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of a modulated 2DEG to the surface acoustic wave |16l . 
On the contrary, the approach of 0, H 0H H H EJis 
mistaken. Direct calculations of the averaged magnetore- 
sistivity components proposed by Beenakker || and fur- 
ther developed by Menne and Gerhardts [l(j give results 
which disagree with the corresponding expressions ob- 
tained within the semiclassical (low field) limit of quan- 
tum mechanical calculations |l3| . This difference is in- 
significant for the component p± but it is crucial for 

Our results for p± and p\\ are different from those ob- 
tained in 0. The reason is that here we averaged the 
CF conductivity based on the definition in Eq. © con- 
sistent with the continuity equation, whereas in Ref. [TtI ] 
the conductivity a c f was obtained as a simple spatial av- 
erage of a c f(Y). This procedure led to invalid results for 
the resistivity component p± which did not compare well 
with the experimental results. 

In comparing the results of our paper in Eqs. (20) and 
(21) with the experimental results in Ref.jj], we note 
that these expressions cannot be applied for filling fac- 
tors close to v = 1/2 because they are only valid when 
AB/B e ff <C 1. However, we may use them when the 
filling is not close to v = 1/2 in order to analyze the 

dependence of the resistivity on magnetic field. When 
An 

gR ~ 1 and kp£ ~ 1, the correction to the resistivity 

n 

p±_ is of the order of unity and increases with the effec- 
tive magnetic field -B e // with a minimum at -B e // = 
corresponding to v — 1/2, as has been observed experi- 
mentally 0, Q . For the range of magnetic field when the 
effective magnetic field is not small, our theorvgives good 
qualitative agreement with that in Refs. |5j, |y, |jj . Also, 
our Eq. (20) gives results for p\\ in qualitative agreement 
with experiment over a range of effective magnetic fields 
corresponding to 2 < gR < 4, unlike Refs. [a HE]- Tllc 
magnitude of pu is smaller than p_\_. 



III. NUMERICAL RESULTS 

We compare our numerical results obtained from Eqs. 
(|21|l and lj21|l with the experimental data by choos- 
ing the following values in our numerical calculations, 
n = 1.1 x 10 15 m- 2 , p F = 1.2 x 1(T 26 kg.m/s, X = 
0.5 pm, I — 1.0 pm and An/n — 0.025. Plots of p xx and 
p yy as functions of -B e // are presented in Fig. 1. The 
oscillations in both p xx and p yy are due to the density 
modulation and depend on the wavelength A. The ratio 
Pxx I Pyy for the range of magnetic fields shown in Fig. 1 is 
in good agreement with experiment . In the immediate 
vicinity of v = 1/2, where the condition g < 1 is not 
satisfied, our theory breaks down because the magnetic 
field dependence is strongly influenced by the channeled 
orbits of CFs which cannot be included in this formalism. 



An/n=0.025, A,=1.3|i.m 



Q- 




I 1 ■ 1 • 1 . 1 1 L_ 

-0.4 -0.2 0.0 0.2 0.4 



FIG. 1: Plots of p± = pyy and p| = p xx in units of the 
Drude resistivity a^ 1 in zero magnetic field, as functions of 
the effective magnetic field -B e // for An/n = 0.025. Here, 
n = 1.1 x 10 15 m~ 2 , p F = 1.2 x 10~ 26 kg.m/s A = 0.5 urn 
and £ = 1.0 pm. 



IV. SUMMARY AND CONCLUDING REMARKS 

In this paper, we use a quasiclassical theory based on 
the Beenakker approximation for dc magnetotransport 
in a modulated quantum Hall system near filling factor 
v = 1/2. Assuming that a weak one-dimensional electro- 
static potential acts on the two-dimensional electron gas, 
we obtain closed form analytic expressions for the resis- 
tivity p± corresponding to a current at right angles to the 
direction of the modulation lines as well as a smaller com- 
ponent p|| for a current along the direction of the modu- 
lation lines. Numerical results are presented for p± and 
pn and show some of the features observed experimen- 
tally. Our analytic results are not valid at filling factors 
too close to v = 1/2 because our approximation scheme 
assumes that AB/B e ff is a small parameter which can 
be applied as a perturbation parameter. A completely 
different approach must be used for filling factors nearer 
v = 1/2 and will be considered elsewhere. 

Finally, we point out that expressions similar to our re- 
sults for the magnetoresistivity in Eqs. (20) and (21) can 
also be used for a semiquantitative analysis of dc mad- 
netotransport in a modulated 2DEG in a weak nonquan- 
tizing magnetic field when the modulation is magnetic in 
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nature. This enables us to explain qualitatively the so- 
called "antiphase" oscillations of the magnetoresistivity 
pu. It was observed in experiments [l^ and confirmed 
with the calculations based on quantum mechanical ap- 
proach [13| that both magnetoresistivity components of a 
2DEG in a one-dimensional lateral superlattice show os- 
cillations of the same period at low magnetic fields where 
quantum oscillations of the electron density of states at 
the Fermi surface (DOS) are negligible. Oscillations of 
p± are identified as a commensurability effect (Weiss os- 
cillations) which is also described within a scmiclassi- 
cal approach. As for antiphase oscillations of pn, the 
current semiclassical theory is enable to explain them, 
therefore it is proposed 0, 0, Q, 0] that these oscil- 
lations are dominated by quantum mechanism, namely, 
by modulation-induced amplitude oscillations of DOS. 
The above explanation is hardly correct. It is true that 
at the presence of modulations quantum oscillations of 
DOS are superimposed with the commensurability oscil- 
lations. The same effect can be observed in conventional 
metals, as it was shown before However, at low mag- 
netic fields the quantum correction to DOS goes to zero, 
modulated or not. Only effects originating from classi- 
cal mechanisms survive within this semiclassical limit. 
Besides, it is well known that periods of quantum oscil- 
lations of DOS and semiclassical commensurability os- 
cillations differ, and their ratio is of the order of fig/pp 
where pf is the Fermi momentum of the considered sys- 
tem. Based on coincidence of the periods of low field os- 
cillations of both magnetoresistivity components we con- 
clude that they have the same nature and origin. So, we 
treat the low-field oscillations of p\ \ as semiclassical com- 
mensurability oscillations which are misinterpreted as a 
quantum effect by the existing theory Our results (19) 
and (39) confirm this conclusion. We do not believe that 
this contradicts the results of based on quantum cal- 
culations. As in the case of Weiss oscillations, consistent 
results can be obtained within a classical approach as well 
as a semiclassical limit of quantum calculations, and we 
believe that our approach present a correct qualitative 
semiclassical description of the antiphase oscillations of 
/Oil, restoring the self-consistence of the of the theory of 
magnetotransport in modulated 2D electron systems. 



V. APPENDIX 

In this Appendix, we present a derivation of the ex- 
pressions for the components of the magnetoresistivity 
based on the Boltzmann transport equation. Our goal 
is to show that both pu and p± can be affected by 
weak density modulations along the y direction with 
An(y) — An shi(gy), where g is a constant. For simplic- 
ity, we neglect a small direct effect due to the screened 
electric modulating potential U(y) on the response func- 
tions and we concentrate on the effect of modulations of 
the effective magnetic field. 

The CF current density can be written as 

j(y) = Ne 2 [ ^v(^)$(y», (22) 
Jo 27T 

where N is the CF density of states on their Fermi sur- 
face and the distribution function <J>(y, ip) satisfies the 
linearized Boltzmann equation 



5$ d$ 
% - + (fl + AQ( y ))- 



C[$] = E v . 



(23) 



Here, E is an external electric field. The collision inte- 
gral C[$] in our calculations below is taken in a relax- 
ation time approximation, with the relaxation towards 
the local equilibrium distribution function, i.e., 



cm 



$(y,V>) 



2^ 



<f>(y,ijj) 



(24) 



The average of this C[$] over ip vanishes. As a result, the 
current density in Eq. H22JI has to satisfy the continuity 
equation. 

To proceed, we separate from the distribution function 
the homogeneous term $(t/0 which describes the linear 
response of the CF system in the absence of modulations. 
For this term, we use the expression given in |l0|. i.e., 



= Potv ■ j , 



(25) 



where po is the Drude resistivity (/?q = and jo is the 
CF current density for the unmodulated system. 
Expressing <f>(jj,tf>) as 
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$(y, V) = $(V0 + Porxiy, ip) , (26) 
we obtain the following transport equation 

v y ^ + (fi + Att(y))|| + C[ X ] = Afi(y) (v y3 ° x - v xJ ° y ) . 

(27) 

We now expand xilJi as a Fourier series in its spatial 
variable, i.e., 



X (y, if>) = XoW + £ (Xne^y + X>- iBnv ) • (28) 
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This leads to a system of equations for the Fourier com- 
ponents Xra(V0 given by 



We obtain 



dip 

igRsm(tp)xi 



l r<\ l - An 



dip 



9xi , 

i An 

2~n~ 



C[xi 



i An 
2~n~ 



9\i 
dip 

M 



(29) 



v vfx) 



9xo 
dtp 



9X2 
dip 



(30) 



The equations determining the Fourier components % n 
for n > 2 are given by 



• d , d Xn . 1 n , , .Afi / 



(31) 

It follows from Eqs. f 291-1(3*1)1 that Xi and X* are of 
the order of AB / B e f f , whereas X0: X2 an d x\ are °f order 
(AB j B e f f) 2 and all Fourier components with n > 2 are 
of order (AB / B e f f) 3 or smaller. Therefore, retaining in 
the expansion of %(?/, ^) those terms no less than the 
square of AB/B e ff, we can omit all terms with n > 2 in 
the Fourier series l|28l) . Then, looking for the solutions of 
f??V (|31f) in the limit when impurity scattering is weak, 
i.e., Qt 3> 1, we obtain the main approximations for the 
desired Fourier components, namely, 



XoWO 



An 
"n" 

An 



sin(gi?cos-0) QE X 



Xi W) = -^-exp(i 5 i?cos-0) Q-E* , 



X2WO = ~~ ) ««p( './/?«»«»') <„>£> 



(32) 



(33) 



1 /An 

2 v'n" 



e^q>(2igRcosip) SE X , (34) 
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T a ° nT i-jfoR) ' (35) 

Y£ a MgR)Ji{gR) . . 

2 ffoS2T (l-J 2C 9 i?))(l + Jo(2.gi?)) - W 



Substituting the derived results in Eqs. (32)- (34) into 
the Fourier expansion l|28|l . we obtain the distribution 
function %(y, ip) which we use to calculate the CF current 
density for a modulated system. 

We see that only the j x component has an extra term 
due to the modulation, whereas j y remains unchanged 
and does not depend on the y coordinate. This agrees 
with the continuity equation and is a motivation for us 
to calculate the averaged CF current density in a simple 
way: 



<j(y) >=< Zcf(y) > E . 



(37) 



-co 



AB 

B eff 



Jl(gR) 



l + (n T f ■ Kn.nJ 1-JK9R) 

(38) 

The second term in (|38f) represents the diffusion of the 
CFs along the x direction due to the drift of the guiding 
center. Other components of the CF conductivity tensor 
remain unchanged due to the modulation and we obtain 
the following expressions for the electron magnetoresis- 
tivity: 



Pyy 




n F ) l-Ji(gR) 



kpR 



l-Jl(gR) 



(39) 



(40) 



These results (38), (39) are obtained using the main ap- 
proximation in the expansion of the distribution func- 
tion x{Vi VO i n the expansion of the distribution function 
x(Vi VO i n the inverse powers of the parameter Qr >> 1. 
Taking into account higher order terms in this expan- 
sion does not change the main result, namely, that both 
resistivities arc influenced by the modulations. Corre- 
sponding calculations are lengthy, and we do not present 
them here. 

So, our analysis based on the Boltzmann equation gives 
results which do not contradict our semiquantitative ap- 
proach which we employed in Section 2. We have shown 
that both magnetoresistivity components are affected by 
the modulation, although the effect on p± is larger than 
on pu. Apart from the denominator (1 — Jg(gR)), the 
first terms in the expressions for the corrections due to 
modulation in our results (20) and (|21|l coincide with the 
corrections in the expressions l"3*9l and J2DJ). 

We now return to the discrepancy between our results 
and those in Refs. 0, 0, S 0, E3, EH- We use of 
the definitions in 0] for the effective magnetoresistivity 
tensor *p e ff < j >= E and their result *px>i = E + A, 
where p-p is the Drude resistivity tensor and the vector 
A is (see 



2p T 



^— AQ(y)Vy iX x(y,ip) 
Zir 



(41) 



We conclude that for weak modulation, when < j >rj jo, 
we have 



CipV - *Peff) 'JO 



(42) 



This means that the components of the vector A are 
linear combinations of the components of the corrections 
of the linear resistivity tensor. As in the local limit, the 
effective resistivity tensor is directly calculated in [lfl |. 
avoiding calculations of the effective conductivity first. 

Substituting our expression for x{Vt ^0 into "41|l . we 
can obtain A, and then the components of the electron 
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magnetoresistivity. The results corroborate the corre- 
sponding results of [10| and we arrive at their conclusion 
that only p± is affected by the modulation. This con- 
firms our conclusion that the root of the disagreement 
between our results and those of 0, IS El El 03 EH is 
in the different ways of averaging the response functions 
over the period of the modulation. 
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